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INTRODUCTION 


The study oi? propeller noise is motivated by the need for both quiet and effi- 
cient propellers* Although analytical tools are currently available for predicting 
the performance and noise of propellers (refs* 1 to 4), their merit and range of 
applicability must be determined by careful experiments* High-quality noise data 
uncontaminatod by facility background noise and reflections must be obtained in an 
anechoic flow environment* The operational evaluation of a propeller test stand 
(PTS) in an open-jet flow environment is the subject of this study* 

Presented in this report are the results of operational proof tests of the PTS 
in the quiet flow facility (QPP) of the Langley Aircraft Noise Reduction Laboratory 
(ANRL) * The PTS is an e]q>erlmental tesb-bed for acoustic propeller research in the 
quiet flow environment of the QFP* The purpose of these proof tests was to validate 
thrust and torque predictions^ to examine the repeatability of measurements on the 
PTS, and to determine the effect of applying artificial roughness to the propeller 
blades* Since a thrusting propeller causes an open jet to contract, the potential- 
flow core was surveyed to examine the magnitude of the contraction* These measure- 
ments are conpared with predicted values. The predictions are used to determine 
operational limitations for testing a given propeller design in the QPP* 

Aero^namic performance is predicted from a model based on blade element theory, 
momentum theory, and the Goldstein-Lock tip relief correction (refs. 5 and 6)* The 
method requires that the aerod^nstmic characteristics of each blade station, or ele- 
ment, be provided in order to predict the thrust and power coefficients (C,j, and Cp) 
of the propeller. This method is described in appendix A. The basis for predicting 
the potential core radius is simple actuator disk theory, described in appendix B. 

In this report, the PTS hardware and test setup in the QPP are described, and 
then the flow survey and aerodynamic results are presented. An acoustic experiment 
was not performed since the purpose of this study was the electrical and mechanical 
evaluation of a new piece of experimental equipment in an open-jet flow and the eval- 
uation of propeller performance prediction codes. 


SYMBOLS 

Dimensional quantities are presented in both the International System of Units 
(SI) and U.S. Customary Units. Measurements and calculations were made in SI Units* 

^bo<y area of the PTS centerbo<^ 

Ajjigk area of propeller disk 

Aj area of the jet exit 

Ag upstream area of streamtube cross section that contracts to the propeller 

tips at the disk plane 


total thrusting area, A^^g^ - 


A'rQ 

a 

b 


^body 


P 

f 

J 

A 

n 

P 

P 

Q 

q 

R 

r 


Ar 


axial conponont of Induood velocity (000 tho nkotoh in appondix h) 

aalmuthal oomponont of induced velocity (neo tho nkotoh in appendix A) 

number of propeller bladeo 

chord of propeller blade element 

3 5 

power coefficionti P/pn 

> 2 4 

thrunt coofflciont# T/pn d^ 

two-dimensional drag coefficient of propeller blade element 
(sQo appendix A) 

two-dimensional lift coefficient of propeller blade element 
(see appendix A) 

drag of airfoil section 

diameter of PTS centerbody 

jet diameter 

propeller diameter 

tip correction factor 

factor in Prandtl-Betz correction 

advance ratio, 

lift of airfoil section 

number of revolutions per second 

propeller power 

absolute pressure 

propeller torque 

2 

stagnation pressure minus static pressure, /2 

propeller radius 

radial position of an elemental airfoil section of the propeller 
potential-flow core radius at the propeller disk plane 
upstream radius of the propeller streamtube 

radial distance between the propeller tips and the shear layer of the 
potentlal-f lt:w core of the Jet 


T propollor thruot 

U monn flow voloalty 

Hj jot-oxlt voloalty 

V voloalty acronn propollnr airfoil noatlon (ooo appendix A) 
axial flow voloalty (soo appendix A) 

V axial flow voloalty causod by propollor momontum dink (boo appendix A) 

a dlntanco downntroam of jot exit piano 

a actual aorodynamlc angle of attack of the propeller blade section 

(see appendix A) 

P geometric pitch angle of the propeller blade section (see appendix A) 

X J/xnd 

p air density 

o solidity, bB/2xr 


^ effective pitch angle of the propeller blade section (see appendix A) 

Or angular velocity (see the sketch in appendix A) 

wr/2 Induced angular velocity (see the sketch In appendix A) 

Subscripts: 

amb ambient value 

max maximum 

meas measured value 

pred predicted 

Abbreviations: 


ANRL Aircraft Noise Reduction Laboratory 

PTS propeller test stand 

QB*P quiet flow facility 

rpm revolutions per minute 


nRSCRIPTlON OP MODRI. AND APPARATUS 


PropolXor Tont Sfcan4 

A flohomntio of tho PTS in nliown In fiquro 1. A oyllndor, 1.93 ra (76 in.) long 
and 0.229 ro (9 In.) in diamotor, hounon a 50~hp wator-coolod olootric motor, which in 
oontrollod by a aolid-atato vnriablo-f roquonoy motor oontrollor (400 ops max, 60 kV~A 
max powot). The motor uood in this tost was limited to 40.7 N-m (30 ft-lb) of 
torquo, and tho maximum apood was BOOO rpm. The motor, propeller, torque motor, and 
all rotating parts are oupported by a thruat lood cell which la aft of tho motor and 
grounded to the case. With this load path, tho drag of tho entire oentorbody nacollo 
was not registered on the load cell. Torquo ia measured by an in-line rotatlng-shaf t 
toniuo sensor, which is isolated by two decouplers. 

It should be pointed out that a more powerful motor can be employed as long as 
its physical size does not exceed 0.159 m (6.25 in.) in diameter and 0.457 m (18 in.) 
in length. 


Propeller 

For the PTS evaluation, a two-bladed propeller design for use on an rpv 
(remotely piloted vehicle) was used and is shown in figure 2. It has ARA airfoil 
sections (7 percent at the tip, 9 percent at the root) and is 0.686 m (27 in.) in 
diameter. This propeller was designed for a speed range typical of that available in 
the ANRL QPP. Geometric pitch angles of 5® and 17® were set at 0.85 of the blade 
radius. 

The propeller was first tested with smooth (polished) surfaces. Artificial 
roughness was applied to the suction surfaces and then to the pressure surfaces to 
examine the effect on propeller performance. The roughness was a nonstandard grit 
with the largest size approximating no. 60. It was applied in a band, 2.5 mm 
(1/10 in.) wide, 2.5 mm (1/10 in.) downstream of the leading edges. 


Quiet Plow Pacility 

The e>Q)erimental setup in the QPP is shown in figure 3. No atten^t was made to 
perserve the anechoic characteristics of the room, since no acoustic measurements 
wore made during this test. The 1.22-m (4-ft) diameter circular nozzle currently has 
a maximtun velocity of 36.6 m/a (120 ft/s), that ia, Mach 0.11. It exhausts verti- 
cally into an anechoic room of dimensions 6.1 x 9,1 x 7.0 ro high (20 x 30 x 23 ft 
high) between the wedge tips. Figure 4 is a sketch of the PTS in the QPP. 


TESTS AND CORRECTIONS 
Data Acquisition and Instrumentation 

For each of tho test conditions outlined in table I, tho following measurements 
wore made (see fig. 5 for completo instrumentation diagram). Outputs from four 
accelerometers placed on the conterbody were recorded for vibrational analyses. The 
thrust, torque, and rpm outputs wore recorded on analog tape for vibrational analyses 
as well as stored in a computer for aerodynamic performance calculations. A micro- 
phone was placed in the chamber for diagnostic use. The air tem|ierature in the noz- 


ale plenum, the atagnafeion minus the etatlo proaauro 0,102 Jn (4 in.) Ineide the non- 
ale lip at the exit plane (q), and the ambient pressura (p-mh^ aneohoio room 

were rooaeured and stored in the oomputor. Finally a pitot stotio tube was used in 
aonjunotion with a stepping motor to survey the potenUal core oH the jet 0.15 m» 

(6 in. ) upstream and dov^nstraara oC the propeller disk piano, fheoo measurements 
provided the neoossary data to evaluate the perCormanoe of the pts, propeller, and 
QPP together and to validate prediotions desorlbod in appendixes A and B. 


Data Roduotlon and Proaontation 

The data were obtained by Inoreaslng the rpm and then decreasing it through the 
desired range for the particular propeller blade pitch angle and forward veionity. 
The measured thrust and torque have been corrected for electrical and mechanical 
tares (which resulted from the body weight and the torque required to spin all but 
the blades) . The thrust data wore also corrected for the spinner drag, which was 
very small and varied almost linearly with velocity over the velocity range with a 
slope of 0,401 N/(m/s) (0.0275 lb/(ft/s)). This resulted in a drag of 14.7 n 
( 3.3 lb) at the maximum velocity. The thrust and torque data have undergone two 
purges. One purge, described in appendix B, was necessitated by the potential core 
contraction at high thrust values. The other purge resulted from the thrust meter 
tare shlfUng continuously during the early phases of these testa. This purge is 
diswssed in appendix C. The cause of the continuous shift was determined to be 
mechanical friction in the shaft bearing and load cell assembly and was rectifiable. 

The air density p, which was calculated from the ambient pressure and the ple- 
nm teit4)erature, was used to calculate the jet velocity as well as to nondimension- 
allze the thrust and power coefficients. All data presented are nondimensionalized. 
Aerodynamic data are presented in terras of the thrust and power coefficients versus 
propeller advance ratio (J = U/nd ). Plow survey results are presented in terms of 
U/Uj versus radial position in nozzle diameters. 

Six conditions were repeated up to three times during the test program to exam- 
ine the repeatability of the data. The rear shaft bearing ten^erature was recorded 
as an approximate indicator of the length of time that the PTS was operating. Gener- 
ally the thrust and torque decrease slightly with increasing rear bearing tett 5 >era- 

thrustr* and torque-coefficient variation was less 
than 0.004. The size of the test-point symbols representing the performance data 
reflect the size of this uncertainty. 


PLOW SURVEY RESULTS 

..i A concern when testing a propeller in an open-jet facility is the posi- 

tion of the jet shear layer with respect to the propeller blade tips. This problem 
is analyzed in appendix B, in which it is shown that the radial extent of the poten- 
tial core is affected both by the centerboc^, which expands the core, and by the 
propeller thrust, which contracts it. The effect of the centerbody has been Included 
in the analysis. 








Rffeat of the Centerbody on the Potential Core 

The effect of the centerbody alone on the radius of the potential core is shown 
in figure 6. The location of the knee (or outside edge) of the potential oore r 
was measured at a few positions downstream of the ;)et exit with and without the oen- 
terbody in the flow, it can be concluded from the figure that the oenterbody had a 
small favorable effect on the extent of the potential oore. This is expocted ahd is 
shown in the analysis. 

The velocity distribution in the potential core itself was measured 0.15 m 
(6 in. ) upstream and downstream of the plane of the propeller disk Without the pro- 
peller installed. The velocity profiles were nondimonaionalised by the jet exit 
velocity, and the radial distance, by the jet diameter. Measurements were made at 
19.5. 30. and 36.6 m/s (64. 98. and 120 ft/s). All velocity profiles collapsed wall 
when normalized by Ua. The profiles upstream of :he propeller disk location are 
given in figure 7. and tiiofie downstream, in figure 8. The radii of the oenterbo^ 
and propeller are also indicated in the figures. These profiles are representative 
of the data taken at all velocities. The flew deceleration and acceleration around 
the body are clearly seen in the vicinity of the oenterbody (r/da •* 0.1). and the 
oenterbody influence extends only out to r/dj » 0.19. Also of fiote in figure 7 is 
that the potential core extends to about r/dj “ 0.45. This number is slightly 
larger than the value measured without the centerbo^ in the flow (see fig. 6). 


Effect of Propeller on the Potential Core 

The jet was surveyed to locate the knee (or outside edge) of the potential core 
for coti 5 >arison with the predictions given by equations (B5) and (B8). The measured 
profiles are given in figure 9 for a blade pitch angle of 5» and in figure 10 for a 
blade pitch angle of 17*. The solid line represents the profile measured 0.15 m 
(6 in. ) upstream of the propeller disk plane, and the open symbols, the profile mea- 
sured 0.15 m (6 in.) downstream of the propeller disk plane. The swirl conponent of 
the propeller slipstream velocity precludes exact measurement of the total velocity 
behind the propeller when using a nonaligning pitot static tube) however, the data of 
Interest lie outside the slipstream and in the vicinity of the potential core knee. 

To obtain the knee location at the disk plane, the upstream and downstream knee loca- 
tions are averaged. 

Noted in figures 9 and 10 1^ an upward arrow Is the average of the upstream and 
downstream locations of the potential core knee. Also noted in the figures is the 
predicted knee location (r /A, ). Table 11 summarizes the predicted values, the 

^pred 

measured values, and the error in percent. The average difference between the mea- 
sured and predicted location of the knee is less than 5 percent with the prediction 
consistently underestimating the actual (measured) value. 

The largest errors (greater than 7 percent) in the predicted location of the 
potential core knee may have been caused by errors in the measured thrust, and thus 
in Cij,. under particular conditions. In appendix B, bounds were established on pro- 
peller performance for which meaningful aerodyneunlc data can be obtained (see 
eq. (B12)). For the propeller used in this study, this criterion is Cm/J^ < 0.633. 
If the three cases in table 11 for which > 0.633 are excluded, the average 

error is less than 3 percent. Thus the criterion of equation (B12) is a useful tool 
in determining posaible limitations when testing a given propeller under various 
operating conditions in the QPP. 
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Thruflt and feoirqua data for tuna whera axoaeded 0t633 wera purgad from 

the data basa. 


RERODYNAMIG PERPORMANeR 
Roynoldfi Number 

An examination of the effect of Roynolde msnber vraa attempted by plaa.'J.ng grit at 
the 10 poreent chord on the propoller bladoa. Thio grit ia intended to create turbu- 
lent flour over the bladoa^ and thua simulate the flow on full-scale propellera* 
Coplottod in figure 11 are the data for a blade pitch angle of S* with surfaces 
smooth (polished) » the suction surfaces roughened^ and both the suction ond' the 
pressure surfaces roughened, similar results for a blade pitch angle of 17« are 
given in figure 12 for two velocities. Xn general, the grit reduced the thrust (by 
about 11 percent at 17*). This dramatic reduction of Cm is apparently due to a 
reduction in the section lift coefficient c, as shown by equation (A3). The addi- 
tion of grit can erode the lift of an airfoil section in two ways. First, a typi- 
cally low Reynolds number (500 000 based on the chord) coupled with a large grit size 
could result in a loss of lift and an increase in drag. Using a smaller grit size 
may eliminate this problem. Second, the boundary layer resulting from the grit may 
significantly change the effective airfoil shape and consequently alter its lift 
characteristics. It is conceivable that a thin turbulent boundary layer is not 
attainable at these Reynolds numbers, since a small grit is not sufficient to trip 
the boundary layer and a large grit adversely changes the effective airfoil shape or 
causes flow distortions (ref. 7). Thus a model-scale airfoil with a laminar boundary 
layer may more closely represent a full-scale airfoil with a turbulent boundary 
layer. 

The torque also decreased with the addition of grit, because of diminished sec- 
tion lift, but the magnitude of the change was less than 5 percent at a blade pitch 
angle of 17*. 

When both surfaces were roughened, little or no additional change was registered 
in the thrust, but the toirque continued to decrease slightly. 


Conparison With Performance Predictions 

The performance predicted from the method outlined in appendix A is plotted on 
figures 13 and 14 for blade pitch angles of 5« and 17». In general, the predictions 
agreed well with the measured data. In all oases, the prediction agreed better with 
the smooth blade performance. 


EVALUATION OF RESULTS 

The results of the flow survey and potential core “knee” prediction indicate a 
clear limitation (eq. (B12)) on the propeller conditions that can be tested on the 
PTS in the QFP. However, this limitation is not severe. Equation (B12) indicates 
that the upper bound on C,j,/J^ depends on the centerbody and jet-exit diameters as 
well as the propeller diameter. This upper bound • ^max given as a function 

of propeller dieuneter for the PTS in the QFF in figure IB. As expected, smaller 
propellers can be operated at higher disk thrust loadings for a fixed advance ratio 
J. This allows sufficient potential core beyond tha propeller tips to simulate! free- 


fltfeam oondltiona* propellar 4i<unetdra pemit: higher power landings 

(horflepowar/dismater'*) to ba sirmilftfcad. Afc propanfc fcha maximum powor Cor thia teat;-" 
bed ia 50 hp (interinittant duty) at 0000 rj«n, although thia oan be tnoreaaed. On the 
other hand, doaroaain?) the diatttoter roduoea the maximum helioal tip Maoh number 
attainable (whioh ia ot inqaortanoe in aoouatlo teating), airtae the maximum rotational 
apend attainable ia 8000 rpm and ;Jet-"exit velooity ia 36.6 ro/a (120 ;Pt/a). The maxi- 
mum helioal ti|> Maoh number attainable with thin toat«bed aa a funotion ad propeller 
diameter ia ahown in Cigiire 16. Two other oonoidoratione when teating a amaller 
diameter propeller are the Roynoldo number and the ratio of propeller diameter to 
naoolle diameter. 

At a nominal value of 7000 rpn for a moderately loaded propeller, the olootrio 
motor dolivoro up to 40 bp. with a 0.67-m (2.2-ft) diameter propeller (which allowo 
tip Maoh numbora of interest), a maximum ptjwer loading of 8.3 hp/ft^ (to as high ao 
15 hp/ft with a large motor) la obtained. Figure 17 indioatoa tho elaos of aircraft 
whose propellers soalo for testing on the PTS in the QFP. in thio figure, a sang^lo 
set of aircraft are simply classified by the maximum mmber of paasengero they carry 
(ref. 8). The ^ower plant and propeller together are deearlbed by the power loading. 
Roughly 1 hp/ft** is required per passenger. Thus with the present motor in the PTS, 
nominally 10-passenger aircraft and smaller can be scaled for an acoustic teat in tho 
QFP. 


CONCLODIWQ REMARKS 

Operational proof tests have been performed on a propeller test stand (PTS) in 
the quiet flow facility of the Langley Aircraft Noise Reduction laboratory. The PTS 
is an experimental test-bed for quiet propeller research. Flow surveys upstream and 
downstream of a propeller mounted on the PTS show that the propeller caused the 
potential flow core to contract by an amount that is well predicted by actuator disk 
theory. The same theory Indicates that propeller operation at which meaningful aero- 
dynamic data can be obtained is limited according to 


T 

-r < Constant 

where Cij. is thrust coefficient, J is advance ratio, and the constant depends on 
the diameters of the propeller and jet. Another limitation is motor poweri however, 
power can be increased as long as the motor can be housed in the PTS centerbody. 

Thrust and torque coefficients measured on the PTS were repeatable within 0.004. 
The coefficients measured with smooth propeller blades (no grit) agreed well with 
predictions from a model based on blade element theory, momentum theory, and the 
Golds tein-Lock tip relief correction. The addition of grit to the blades decreased 
propeller thrust. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
August 10, 1982 
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APPENDIX A 

PROPEUiER PBRPOBMANGE PREDICTION 
El^Rumtt Thoory 


(rof olomontal two"4imonsionnl airfoil noafel 


on aro writ ton 


aji ° ~ pv^Ojjb ar 
ftd ° i pV^c^b dr 


«iarto drag ooeffioientfi can be obtained in many ways; for the con^jutation 

made herein, these coefficients were obtained from reference 2 for the ARA airfoil 
soouXon* 

in propeller operating conditions, the forces 

^ direction (thrust) and the circumferential, or azimuthal, direction 
(torque) can be obtained for each element of the blade (see sketch): 


5T “ pV^b 8r B(Ojj^ cos sin ^) 

5q = 1 pv^br dr B(Cjj sin <t> + c , cos (|>) 


(A3) 

(A4) 



Here the unknowns are the actual Inflow velocity V and the angle of the flow 
into each station. The uncertainty comes from the induced velocity V. due to the 
wake vortex. At each station, the inflow velocity is written as a function of the 




_“'l ^ 

„ .. \ 




■’ S ’*' " •• '• 


V ='V 
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Indttoert valoqity ratio a* or a* Thus the inflow to tho propollor aaotion oan be 
written . 


, 1 •*• ft 

'a nin ^ 


Qr 


1 ” a * 

eofi (}) 


US) 


When ociuation (AS) in nttbnfeitutoil into equationn (A3) and (A4), an ojqprennion in 
obtoinod (?or tho tbrunt and torquo in tormn of tho unknowno a (or a' ) and 

2 

Qlf m i pV ^ . i.li QOQ 0 - 0 ain 0 ) ( A6 ) 

^ ® Sln^0 * ^ 

2 

ao “ 4 pV ^ bar 9r (c, «ln <l> + c . cos 0 ) (A7) 

^ ® 8ln^0 * 

Early atton^tb, to obtain ojqjrosoione for the unknowns camo from axial and angular 
momontum statements which yield (ref. 1) 


a 

1 + a 


c. cos 0 " o , sin 0 
OX cl 

4 . 2 . 

sin 0 


(A8) 


1 


a' 


^ 0 ^ sin 0 + c^ cos 0 
4 sin”0 008 0 


(A9) 


The third relationship between a# a*, and 0 comes from the geometric relationship 
V (1 + a) 

“■> ♦ “ nrtl ' - ' an 


with an initial estimate of effective pitch angle 0q, equations (A8), (A9), 
and (A10) are solved iteratively for each blade section. The values for a or a* 
and 0 are substituted into equations (A6) and (A7), and the results are summed over 
the blade radius to calculate the thrust and torque. 


Tip Relief Corrections 

The above procedure for obtaining propeller performance is called blade element 
theory and has been used extensively for propeller design and analysis. Initially to 
account for the three-dimensional effect, aspect ratio corrections were made to Cj 
and c.. These corrections were later replaced by the tip relief correction, which 
originated (ref. 1) for fixed wing applications. This correction gave good results 
for small advance ratios or for a large number of blades. The correction was written 


P 


cos ^ f 
It 


(All) 
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a 


= P Pjl r . 1 t 
2 ' R M \ 


(A12) 


With the oorreotion, oquefeiono (Afl) an<5 (A9) take the form 


^ QO0 0 " 0^ Bin ^ 


1 + a 4P 


2 

oin ^ 


1 - a' 


^ Bin ^ 


4P 


oin aoo 0 


(A13) 


(A14) 


GoldstQin (reft 5) obtained the exact solution (Incompresaiblo) for the downwash 
across the propeller span, and Look (ref. 6) oast these results In a format oonve* 
nlent for use in blade element theory. The Ooldstoin-Lock correction has the form 

p .. ,B> ,;,5) 

cos 0 

where K(0,r/R,B) has been tabulated. The QOldsteinrLook eorreetlrtr ';plioai.-.» 

in cases where the propeller is not heavily loaded and has a PSJf ' v , of blades. 

For the confutations made herein, the Goldstein-Look oorrecti.- ts used. 


Nonuniform Inflow 

Typical propeller operat.1-in occurs in a radially nonuniform inflow environment. 
This can be taken into account by modifying by a factor representing the percent 
of the uniform stream that the propeller section is experiencing. The inflow to the 
propeller is modeled by a panel method confuter program that calculates the flow 
around the spinner, shroud, and nacelle of the PTS. This correction has also been 
applied to the predictions contained herein. 
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APPRNPIX 0 


PRRDICTION OP POTRNTIAI* CORK KNRR POSITION 


■,<app>> iiiiiM>iiri|ii Iiiif^lim^^ 


Aotuafcop (Uok theory la unod to dovolop a rolationahlp for tho oxtont of the 
potonttni. corn at tho propollor dink piano. Prom aotuator dink theory^ 


T •« 




(01) 


where v ia tho velocity added by tho propollor at tho dlok piano. Actuation (B1) is 
solved for v yielding 


V 



+ 



+ 2T/pA^ 


(B2) 


With the radial and circumferential velocity conqaonents at the disk plane 
neglected, the mass continuity equation can be approximated by 

AglJ^ ” v) (B3) 

where Ag is the area of the streamtube, which contracts to the area of the pro- 
peller at the disk plane as shown in the sketcht 




Proro the definitions 

T pn^d 

^ p T 
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«n4 



oquatioft (04) can be written 






1 + 


2d 

P T 
A 

T 


^ POOR QUALtTY 


(fiS) 


The ratio on the left side represents the contraction of the slipstream due to the 
addition of momentum at the disk plane, as C- approaches 0^ this ratio 
approaches 1 . 


Now assume that the distance between the propeller streamtube and the shear 
layer of the potential core remains fixed as the fluid passes by the propeller. This 
distance is given by 


Ar 


r 

2 ^S 


(b6) 


where 


Tt 


(B7) 


and Ag is given by equation (B5). 

Thus, the radius of the potential core at the disk plane is given by 
d 

r “ + r 

o 2 s 


(b6) 


and it is this predicted value that appears in figures 9 and 10 and in table II. 

For the present e)q)erlment and for future tests in the QPP, equation (B5) can 
also be used in the following way. First, it can be rewritten 



1 

2 


+ 


1 + 


8d ^C_ 
p T 


\| -\ody)^ 


(B9) 


where dg represents the diameter of the streamtube at the jet exit that contracts 
to the diameter of the propeller at the disk plane. For the QPP, d must be less 
than dj » 1.22 m (4 ft). However, there are two other factors to consider. By the 
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notion of vifloonity# tho potontlol ooro in raduaod to 88 potoont of its oxlt dlaniotor 
by tho timo tho Clow roaohoa tho piano of tho dink> Purthonnoro» to ollminato tho 
nood for omplrloal oorroctlon Caotora, roforonoo 1 rooomroonds a margin of about 
30 poroont of dj botwoon tho propnllor tip and tho ohoar layor. 1?hufl, 

dg < (0.88)(0.70)d^ 

With this guidfllino and the rolationohip of propollor thrust in producing con- 
traction (oq. (B9)), wo can establish bounds on propollor porCormanco Cor which mean- 
ingful aorodynamlc data can bo obtained* 


(0,62d.) , 

— 1 .. — . > 1 

2 ,2 2 


*^p Dody 


1 + 


1 + 


8d 

■£-X 


\ - ^ody^'' 


(BID 


Prom this relationship, we obtain 


C. . / 6 _- - 


2 ^2 


-I < 2 -E 

,2 8 .2 

P / ^1 P 


- 4a, 


- 1 


- 1 


(B12) 


For the propeller tested on the PTS in the QPF, this relationship becomes 


-Z < 0.633 

Data that did not meet this criterion were purged from the data base. 


(Bl3) 


l i^Vac" IS 

OF POOR QUALITY 
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APPENDIX C 


DISCU8SION OP DATA PIJ5WB DUB TO MBCHANICAD PRXCTION 


Since the thrust tares varied unprodlotably yet persistently during the test 
program, it is necessary to analyze and bound the uncertainties in the thrust data. 
The thrust oootficiont is calculated via 


2^ 4 
p" Op 


T “ T 
meas tares 

2j 4 

pn dp 


The change in C,p caused by an error in the offset may be estimated in the 
following wayt 


by 


S (Offset) .2 4 

ph dp 

Since the deiisity p and the diameter dp are fixed, the error in Qj, caused 
the error in the offset depends only on the motor rps setting n> that is. 



A(Offset) 


2 A 4 

pn dp 


The offset error is arbitrarily set at 4.4 N (1 lb). This is a maximum value 
and was chosen based on the behavior of the PTS during a single run of the ejg>eri- 
ment. The maximum tolerable error in Qj, is chosen to be 5 percent of the full- 

scale ordinate value on the plots (e.g. , if (*^)fuii-scale “ 
tC “ 0.008). Data were thus purged when 
T 


A(Of fsot) 

2j 4 

pn d 
^ P 




or when 


n < 


I A( Off set) I 


\| pVsi 


(Cl) 


In this way the uncertainties in Cj caused by the mechanical design problems 
are limited to less than 0.004 for a blade pitch angle of 5« and less than 0.008 for 
a blade pitch angle of 17®. 
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TABLE I.- TEST COITOITIONS 






TABLE II.- MEASURED AND PREDICTED POSITIONS OE THE POTENTIAL CORE KNEE 


Pitch 


Uj, 

m/s Ift/s) 

rpm 

12 (40) 

3006 


5005 


7000 

18 (60) 

4006 


6006 


7501 

24 (80) 

6007 


7927 


0.361 

.218 

.158 

.403 

.269 

.217 

.357 

.271 


Position, 


Measured Predicted 


Average 


Error, 

percent 


18 (60) 

2005 

0.80 

0.04 

0.46 

0.45 


4000 

.399 

.64 

.43 

.41 

27 (90) 

3499 

.686 

.13 

.45 

.44 


4500 

.533 

.31 

.45 

.43 


5500 

.437 

.54 

.43 

.42 

36.6 (120) 

4000 

.795 

.08 

.45 

.45 


6000 

.528 

.33 

.45 

.43 

4 

7400 

.432 

.60 

.41 

.41 


Average 
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Rototlng date aropWlop Slip rings 


Torque motor 


floating rod (4 oooh) 



Propeller disk plane 


Hard points 


Sliding ball bearings 



Figure 1«“ Diagram of the coitponients in the centerbody of the propeller 

test stand (PTS). 


-Developed plonform 


Leading edge 


.0253 m (.083 ft) diameter 


,0686 m (.225 ft>- 



.2845 m (.933 ft) 


Figure 2.- Propeller used during the PTS evaluation. 
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Figure 3.- Experimental setup in ANRL. 
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■pigare 5.- instrmaentation diagraa. 
















:s.- i -i-v , «• 




,^i.• 




omGjWrVi, ^ 

OF poon QUAUTY 


z 



Figure 6.- Effect of the centerbody on the extent of the potential core region. 

0 =■ 30 m/8 (98.4 ft/s). 


U/Uj 



t.2 


1,0 


.8 


.6 


.2 




o 

°o 


oaa 


P Centcrb^dy rodius 


' 0 . 


I ■ ■ ■ I I I > I j. ■ *■-> 
.1 -2 


Propeller lip rodius 
^ ‘ I I ■ ‘ I ‘ t 


Radial position in jet diameters, r/dj 


o 

oo 

I ■ « > > 1 

.5 


n^re 8.. Rspre-enftlve 

of propellQf disk location* 
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(a) « 12 m/s (40 ft/a)i 3000 rpm. 



(b) Oj =» 12 m/s (40 ft/s)» 5000 rpm. 


Figure 9.- Potential core surveys for blade pitch angle of 5«. 


25 





V-' • 


ORIGINS. 

OF POOR QUAUTY 






RUN 31 


Ar 


mmit 

pf0*i' 


0 . 0&8 

8.9 cm( 3.S in. ) 
»0.3ri4 


upfitream 
cftxsooo downstream 



Centerbody rodius 

L-t-a.-LJ.-L-i— i-J-i - l - J — ^ - 

1 2 

RadicI position in jet diometers, r/dj 


tc) Uj “ 12 itt/8 (40 ft/8)j 7000 rpm. 


RUN 32 
C, = 0.006 
Arp^=20.5 cm( 8.1 in. ) 
rJd, «0.449 

I '» « ' upstreom 
oXDocco downstream 



Klqure*' Continued. 
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RUN J2 
C, - 0.037 

'mw» 

Arp,|fl'?'16.t) cm( 6.5 in.) 
rydi ^»0.417 
■■■■■ upstream 
ojoBieo downstream 


A 


Centerbody radius Propeller tip radius 

L ul I L-.La.i-l^....t . I.. I I > 1 i -.l i -t - J - i-l-*- 

.1 ,2 .3 .4 .5 

Radial position in jet diameters, r/dj 


(e) 10 tn/s (60 ft/s)f 6000 rptn. 


RUN 32 
C, 0.049 

'm*ot 

Arp,^=13.7 cm( 5.4 in.) 
n/djp^“0.393 
— — upstreom 
ooaoooo downstream 


overogrf^o' 


Centerbody radius Propetler tip radius 

», 1 . t-j—L-i a_i_o..l_i -i-xXXj-i. j_xJ_ 

.» ,2 .3 .4 .6 

Radiol position in jet diameters, r/dj 


(f) 10 «n/e (60 ft-/n); 7500 rpm. 

Kliiuro n.- eont lmio»1. 


tr-. 


■ J 

■v» }. . 
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RUN 33 

c, - o.o;^o 
ArB^*’'19.3 cm( /.G In.) 
.yd, ^-0.439 
— — upst.eam 
QKm»» downstream 


Centerbody radius Propeller tip rodius 


UJ.,.1 0„Lj— L-L-X- l- l-t-.. 
,1 .2 


Propeller 
X- Li-i.- 


Radiol positiort in jet diameters, r/dj 

(..i) 24 m/a (BO l‘t/»)» 6000 vpm. 


RUN 33 
C, = 0,040 

16.4 crh( 6.4 in, ) 
ryd y^ ^«0.4t6 
— — upstream 
arccaudownstream 


enterbody rodius Propeller tip radius ^ 

i .1 j.. i i .l i-.i -i x l I X » i I a Lj 

.1 2 .3 4 b 

Radiol position in jet diometers, r/dj 


(h) ' 24 ro/B (HO HOOO rpm. 

Pi.mro n.- Oom'tudrvt. 
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(a) - 18 m/8 (60 €t/8)» 2000 rpm. 



(b) '= 18 m/s (<*0 ft./alf 4000 rpm. 

Fl*T\tro 10.- Potential ot>ro mirveyR for blaiio pltoh an»|1o of 17® 








Of pOOH Q"A» JTY 


RUN 38 

Ar!3^ l9.5 cm( 7.7 in. ) 

,/d. .0,442 

^ IpfM 

-II upstreom 
oaaxpo downsti'coni 


^jQCOOOQOCnOQCIQCtSDO 



overage 

Centerbody radius 

Propeller tip rodius 


Radial position in jet diameters, r/dj 

!) Uj » 27 m/s (90 ft/s)> 3500 rpm. 


RUN 38 
Ct = 0.088 

Ar^»18.0 cm( 7.1 in.) 

•V'djp^“0-^29 

■II I — upstreom 

onPTcpon downstream 



overage 

Centerbody radius 

Propeller tip rodius 


Rodiol position in jet diameters, r/dj 

(d) U.J “ 27 m/8 (90 ft/s)» 4500 rpm. 


Pitjtiro 10. « Conti nupd. 
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NUN 38 

- 

C, 0.104 


Afp,^«16.4 cm( 6.5 in.) 
r/d, ^-0.416 

- 

■ upstream 


occcoeo dovinstream 



overoge 

Centerbody radius 

Propeller tip radius 


Radial position in jet diameters, r/dj 

(q) Uj = 27 m/s (90 ft/s)? 5500 rpm. 


RUN 39 
Ct = 0.048 

'lIMM 


overage 


Centertody rodius Propeller tip rodius 

I I L 1 ^1 li t t _1. .1 g_.i I [ i. J I I » I t . i. 

I 2 .3 4 .5 

Rodiol position in jet diameters, r/dj 


(f) 30.6 m/s (120 ft/s)> 4000 rpm. 

Kiir.ire 10.- Continued. 
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RUN 39 
Ct^= 0.093 
Ar^»17.8 cm( 7.0 in.) 
,yd^.0.428 

..pctPArtm 

0300006 downstreom 



(g) Uj “ 36.6 m/s (120 ft/s); 6000 rpm. 
Figure 10.- Concluded. 




l\iuji yuALiiY 



Ct Cp 

RUN 


A 0 

30 

Smooth surfaces 

A 0 

48 

Suction side grit 

A 0 

54 

Two sides grit 



Coefficients Coefficients 




OWGWAt T ACSi 


Ct Cp 

o 

A O 
A 0 


RUN 

38 

50 

56 


Smooth surfaces 
Suction side grit 
Two sides grit 



■ 1 I I » « i I « « i-l I 1 t I 

.4 .6 .6 ^ .7 

Advance ratio 



.8 


(a) » 27 in/s (90 ft/s). 

Cy Cp RUN 



(b) Uj = 36.6 m/s (120 ft/s). 

Figure 12.- Effect on aerodynamic performance of adding grit to 

blade with 17* of pitch. 



Coefficients 
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Ct 

Cp 

RUN 


A 

0 

30 

Smooth surfaces 

A 

o 

48 

Suction side grit 

A 

0 

54 

s 

Two sides grit 
Prediction 



Advance ratio 


Figure 13.- Measured and predicted aerodynamic performance for blade pitch 

angle of 5*. 0^ •» 24 m/s (80 ft/s). 
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Cp RUN 

O 38 Smooth surfaces 

O 50 Suction side grit 

O 56 Two sides grit 

— Prediction 


Advance ratio 

a) Uj » 27 m/s (90 ft/s) 


LCr,;. 


Advance ratio 

(b) Oj « 36.6 m/s (120 ft/s). 

Figure 14.- Measured and predicted aerodynamic performance for blade pitch 

angle of 17*. 





Figure 15*- Propeller operational liinitation for the PTS in the QFP* 


Propeller diameter, ft 



Pltjure 16.- Maxitmiro tip Macli numbor attainable with the PTS. 
n, j 36.6 m/a (120 ft/s)j 7000 rpm. 



